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Introduction
The superconducting fault current limiter (SFCL) introduces minimal impedance to the power system under normal conditions and high resistance during faults, limiting short circuit current. The main duty of the SFCL is decreasing the fault current to safe level and avoid network instability. The electrodynamic forces occurring during the course of a fault current may damage the devices of the electric power system, such as transformers, generators or busbars in switching stations, within tens of milliseconds. Every such failure of an electric power network entails expensive and time-consuming repairs. Therefore, it is vital that the network's operation be secured with a reliable protection system. A rapid increase of the resistance of a superconductor on crossing the current critical value I c makes it possible to build reliable superconducting fault current limiters (SFCLs). SFCLs react very rapidly by limiting the first, the most dangerous, surge current during a current fault condition, thus protecting the devices of the electric power network from the dynamic effects of current faults. The SFCL responds before the first cycle peak and provides an effective means to limit excessive fault currents to safe levels without the disadvantages of conventional fault current mitigation methods.
The SFCLs provide an economic solution for protecting the devices of the electric power system against excessive short circuit currents in case of faults. The application of a SFCL leads to an increase of the allowable short-circuit power at the point of connection of new power generating sources, which is determined by the short-circuit parameters of the power network. This, in turn, will result in an increase of the capability of the power network for connecting distributed generation energy sources based on renewable energy sources. Present researches on current limiters focus on resistive type [5] , inductive type [1] , [2] , [4] , [6] , [7] and limiters with a saturated core [10] . The drawback of the concept of inductive limiter with shielded core was insertion of a finite impedance in the line even during normal operation, and the large size and weight of the iron core [9] . The presented solution of a coreless construction reduces the weight of the device and the size of the primary copper winding and the voltage on the limiter during the normal operation is negligible [4] .
The design of the SFCL
A design of a 1-phase inductive type superconducting limiter is presented in Figures 1-4 . The limiter was designed to work in a 15 kV power system. Its main parameters are presented in table 1. A three-winding superconducting current limiter has two primary windings and one secondary winding [1] , [4] . The primary winding, placed on the outer ring, is made of a copper wire. The second primary winding, placed in the inner ring, is made of a 2G superconducting tape. The third winding is a shorted secondary winding made of a 2G superconducting tape, placed in the inner ring. The primary winding made of 2G tape is connected in parallel with the copper primary winding. All three windings are magnetically coupled. The magnetic coupling between the 2G tape windings in the inner ring is greater than the magnetic coupling between the 2G tape winding and the copper winding in the outer ring. The coupling coefficient between primary HTS and secondary HTS windings is 0.97 and between primary copper winding and secondary HTS winding is about 0.52. The limiter will be placed in a cryostat with an external vacuum insulation and cooled in a liquid nitrogen bath (Fig.  1) . The cryostat of the limiter will be made of GFRP (Glass Fiber Reinforced Polymer). It will be fitted with four copper current leads (Fig. 1) to which the primary, both copper and HTS, windings terminals will be connected. This will allow to record the distribution of currents in these windings during short-circuit tests.
The limiter consists of six identical modules connected in series ( Fig. 1 -4) , which allows to lower the voltage of the individual windings. There is 2.5 kV per one module. The superconducting tapes will be insulated with 0.025 mm thick polyimide film with a 0.040 mm silicone adhesive during the winding process. Dielectric strength of DuPont Kapton FN polyimide film is 5.9 kV.
Each module consists of two carcasses of different diameters which are made of composite materials reinforced with fibreglass. The copper winding will be wound onto an external bobbin and the superconducting windings on an internal bobbin. In each of the six modules the primary copper winding has 36 turns and is connected in parallel with two primary superconducting windings. The primary superconducting windings have 12 turns each and are connected in series. The secondary superconducting windings consist of two shorted superconducting windings, each with 12 turns. Both the primary and the secondary superconducting windings are wound onto a single bobbin in such a way that their turns are positioned one on top of the other, which provides a very good magnetic coupling between the windings and this, in turn, reduces the voltage during the SFCL's performance in nominal conditions. The primary copper winding will be wound using a 3 mm x 6 mm copper wire. The superconducting windings will be wound using the SF12050 superconducting tape with 2 μm silver layer and a resistance of HTS tape 0.104 Ω/m in resistive state at 77.4 K [3] . The primary and secondary superconducting windings are of the same length and have the same number of turns. A Kapton tape will be used to insulate the superconducting windings. Figure 4 represent the connections of the windings of each of the six modules.
Numerical model of SFCL
The numerical model of the limiter was developed in the "Transient Magnetic" FEM-circuit Flux2D software [8] . The geometry of the actual model of the limiter was substituted with a simplified axially symmetric geometry (Fig. 5) . The outer circuit of the numerical model is presented in Fig. 6 . The thermal issues which occur in the windings of the limiter are included in the user subroutine written in Fortran. According to this procedure, in every step in the calculations the temperature of the limiter's winding is determined using the energy balance, based on the present value of the current flowing through the limiter's windings. The energy balance equation takes into account the transition of the heat from the limiter windings to the cooling liquid. After determining the current temperature of the winding, the resistance of the winding is calculated on the basis of experimentally determined R(I,T) relation for the SF12050 superconducting tape [3] .
Simulations were performed for model of limiter whose parameters are presented in table 1. Thanks to the performed simulations, courses of a fault current in the circuit with and without the limiter were obtained (Fig. 7) , as well as the changes of resistance and temperature of individual limiter windings during the limitation of the fault current (Fig. 9) .
In the stand-by state, i.e. the first 40 ms of calculations, the superconducting windings of the limiter are in the superconducting state and a nominal current of 140 A flows through the limiter (Fig. 8) . The voltage value in all models of the limiter is lower than 1 V, which results from a minor leakage reactance.
During a short-circuit lasting from 0.040 sec. to 0.200 sec., a fault current flows through the limiter. The peak value of the current in the shorted circuit i p = 40 kA was limited to 4.7 kA (Fig. 7) . The course of the fault current causes the HTS windings to heat up very rapidly. The temperature of the windings increases from an initial temperature of 77.4 K to a maximum temperature T max which is reached at the moment of switching off of the short-circuit (Fig. 9c) . The performed simulation shows that the temperature of the superconducting windings increases much faster than the temperature of the copper windings, and it reaches different values at the moment of switching off of the shortcircuit. In designing the limiter, it was assumed that the maximum temperature of the limiter's superconducting windings at the moment of a short-circuit occurrence would not exceed 200 K and the fault current peak value would be below 5 kA.
Conclusion
The developed design in which the superconducting windings are wound simultaneously onto a single bobbin allows to obtain a very high coupling factor between the windings and minimize the leakage reactance of the limiter, which minimizes the voltage in the limiter in the stand-by state. In case of a 2-winding design in which the primary copper winding is magnetically coupled with a secondary HTS winding, there always occurs leakage reactance, which causes losses in the stand-by state. The use of a connection in parallel of a copper coil and a superconducting coil in the primary winding protects the short circuit from opening in case when the superconducting tape is damaged. The fault current limiting capability of a 3-winding limiter is determined mostly by the impedance of the copper winding coupled in parallel with the primary superconducting winding.
An analysis of the results of the numerical simulations confirmed that it is possible to build an inductive type coreless superconducting fault current limiter that will effectively limit the peak value of the fault current from 40 kA to 5 kA within 160 ms. The number of turns in the primary copper winding and the superconducting tape length in the superconducting windings must be such that the temperature of the HTS windings does not exceed the maximum allowed temperature of the superconducting tape. Due to a substantial increase of the temperature of the limiter's HTS windings, the short circuit must be switched off by a conventional circuit breaker before the temperature of the HTS winding reaches the maximum value. 
